We present a solution to the naturalness problem of the electroweak scale based on a change of variable in the Fourier space of non supersymmetric nature that transforms a boson into a fermion and viceversa. This is exemplified for that part of the standard model Lagrangian that contains a Dirac fermion coupled with the Higgs field. The full Lagrangian which contains both the initial particles and the partners obtained through this method is invariant under the symmetry associated to this change of variables and is free of quadratic divergences to the scalar particles present in the Lagrangian. The partners appear mostly as "off-shell" states thus explaining their experimental absence at any particle accelerators.
I. INTRODUCTION
Naturalness of the electroweak sector of the standard model [1] , [2] , [3] ( for reviews see [4] , [5] ) has been at the forefront of theoretical research for many years. The discovery of the Higgs boson particle by the remarkable Atlas [6] and CMS [7] experiments together with the absence of any experimental sign of beyond the standard model physics has put some strains on the most widely accepted models that might explain naturalness. Among these we just mention technicolor models [1] - [2] , little Higgs [8] , [9] , [10] , Lee-Wick theories [11] , large extra dimensions [12] , [13] , warped extra dimensions [14] , [15] and the most acclaimed of all, the supersymmetric extensions of the standard model [16] - [22] . The lack of superpartners at the LHC has lead to some alternatives to the standard lore.
The naturalness problem of the electroweak sector of the standard model is given by the magnitude of the quadratic divergences to the Higgs boson mass as compared to the mass itself. For a theory with multiple scalars this would translate into quadratic divergences to any scalar in the theory. In supersymmetry one associates to each particle of the standard model a superpartner of different spin but with the same other quantum numbers. It is the mere presence of the superpartner and of the supersymmetric coupling that solves the naturalness problem because the superpartners introduce quadratic divergences with the same magnitude and opposite signs. However supersymmetry needs to be broken and the masses of the superpartners must be large as no experiment ever detected any trace of them.
One possible solution to the naturalness problem that we shall adopt here is to find versions of the standard model that have some of the features of the supersymmetric models but where the "superpartners" do not appear in most interactions as on-shell states. We regard this as a first attempt to build an extended standard model free of quadratic divergences and where all other particles that are introduced beside those of the standard model are present as "off-shell" fluctuations" but not as final states in the interactions.
The starting point of our proposal is the supersymmetric Wess Zumino Lagrangian,
which is invariant under the supersymmetry transformation:
These supersymmetry transformations are at the origin of our approach but the similarities stop here. In what follows based on a Lagrangian for a massive Dirac fermion with Yukawa couplings we sketch a construction that leads to the cancellation of the quadratic divergences to the Higgs boson mass without introducing any other scalar divergences. The solution we propose can be extended to any of the particles of the standard model with the same effect. However the partners that we introduce have unusual interactions that allude them for most of the experimental search. The final Lagrangian we obtain is symmetric in the Fourier space under a transformation that interchanges the fermions with the scalars. This transformation is very different than the standard supersymmetric transformation and should be rather regarded as a change of variables in the path integral formalism that transforms a fermion into a boson. In a way the whole method consists in subtracting from the fermion Lagrangian the same Lagrangian expressed in terms of scalar variables.
II. THE SET-UP
Consider that part of the standard model Lagrangian that contains the kinetic term for a Dirac fermion ( for example the top quark) together with its Yukawa interaction:
where m is the mass of the fermion, h is the Higgs boson and v is its vacuum expectation value. We write the corresponding action in the Fourier space:
We then consider the change of variables:
together with the subsequent hermitian conjugate. Here Φ, Φ 1 , ϕ and Φ 2 are complex scalars that match exactly the off-shell degrees of freedom of the fermion fields. This change of variables provides a dual description of the Lagrangian in terms of new scalar variables and it is a reminder of the process of "bozonization" (introduced by Coleman [23] and Mandelstam [24] for a sine-Gordon model) which up to now was known to exist for particular models but not for a general Lagrangian. The above change of variables can be written in a more compact form as:
where x, z, y, u are:
Note that the momenta depending spinors x, z, y and v can be taken as both commuting or anticommuting. Most of the time we will indicate with subscripts the results for both cases.
Below is the expression in the Fourier space of the Lagrangian in Eq. (3) in terms of the scalar variables:
where the subscripts c, a refer to commuting, respectively anticommuting variables and we indicate in the round brackets the corresponding signs. Here we used the fact that for example:
Similarly we get:Ψ
Next we shall find an expression for the Yukawa term and from that we shall deduce also the mass term. We start from:
Here the subscripts denote the momenta dependence and the coefficients a, b, c and d are:
where p = p 2 and q = q 2 . From Eqs. (11) and (12) the counterpart for the fermion mass term emerges:
where we employed the known relations:
We make the change of variables:
to determine the full kinetic term in the Fourier space in terms of the new variables:
III. PROPERTIES OF THE SCALAR PART OF THE LAGRANGIAN
To resume by making the simple change of variables stated in Eqs. (5) and (6) we obtain the scalar Lagrangian:
where the coefficients a p,q , b p,q , c p,q and d p,q are given in Eq. (12) . Except for the terms in the first line of Eq. (17) this Lagrangian cannot be put in a Lorentz invariant manner in the coordinate space and seems badly defined. We first note that the scalar on-shell states have p 2 = m 2 and thus from the structure of the Lagrangian this means that the scalar on shell states do not interact. However the scalar states appear as loop contributions to the Higgs boson. We will show next that these loops are very well defined and have indeed a proper Lorentz structure.
For that let us consider the couplings of the Higgs and a sample of the one loop contribution to the two point function for h(p − q). This is given in essence in the path integral formalism by:
First note that the couple ϕ and Φ 2 has the same propagators and different from the couple Φ and Φ 1 . Let us consider in detail the quantity:
Note that here we used the fact that the behavior of ϕ and Φ 2 is identical such that ϕ * (q)ϕ = Φ * 2 (q)Φ 2 . Keeping in mind that the above contribution is coming from Φ(p)Φ(p) * and there is a similar contribution with the same propagator coming from Φ 1 (p) * Φ 1 (p) one obtains:
Note that this loop contribution makes perfect sense from the point of view of the Lorentz properties. However this should be considered only as an exercise that shows the proper behavior of the scalars in loops since the correct two point contributions to the Higgs mass should be calculated in terms of the mass eigenstates in the Lagrangian which are the fields Φ ′ , Φ ′′ , Φ ′ 1 and Φ ′′ . The full Lagrangian (wit both the fermion and the scalar terms) is invariant under the transformations in the Fourier space:
where ǫ is an arbitrary constant scalar. These relations should be taken together with their subsequent hermitian conjugate counterparts. This invariance can be checked directly very easily but here we will only note here that this is evident as a mere consequence of the fact that we just subtract from the fermion Lagrangian the same Lagrangian expressed in terms of the scalar variables so the transfomations in eq. (21) are just a change of variables. Although this transformations change a fermion into a boson and the reciprocal they should not be regarded as a supersymmetry transformations.
IV. A SOLUTION TO THE NATURALNESS OF THE HIGGS BOSON
The Higgs boson h of the full Lagrangian is free of quadratic divergences. This stems on general grounds from the construction of the scalar Lagrangian. To make matter more clearly we shall prove directly so in what follows.
First we shall consider the quadratic divergences to the Higgs boson mass stemming from the tadpole diagrams. The corresponding fermion contribution to Σ(0) apart for some factor ahead is given by:
Before going further we need to establish the propagators of the scalar particles in the mass eigenstate basis:
As expected the one loop corrections to the Higgs two point function cancel each other exactly (even at the level of logarithms) so the Lagrangian is free of quadratic divergences to the Higgs boson mass.
V. CONCLUSIONS
The main point of the present work is to propose a solution to the naturalness problem that does not suffer from any of experimental setbacks of the alternative theories. This is based on a change of variables in the Fourier space that transforms a fermion into a boson and viceversa. Although inspired by supersymmetry this change of variables is not associated with any symmetry of the space time. The full Lagrangian containing both the initial particles and the transformed ones is free of quadratic divergences. We showed this at one loop but the intrinsic structure of the Lagrangian guarantees this at all orders.
The partners of the standard particles participate fully as quantum fluctuations in any quantum corrections and interactions. But by construction of the Lagrangian the partners do not appear as on-shell states (final states) for any of the interactions with the standard particles. There is a possibility that this constraint will be shifted for some interactions with other partners.
We illustrate our approach based on the Lagrangian of a massive Dirac fermion coupled with a Higgs through Yukawa interactions. The method can be extended in principle to any particle and interaction of the standard model. In this case possible dark matter candidates might emerge of some of the partners. Our purpose here was just to introduce a solution to the electroweak naturalness problem and show how this works in detail. A detailed analysis of the full standard model form this point of view and also a complete study of the phenomenological consequences will be made in a future work.
